Background-Essential hypertension involves an increase in sympathetic nervous system activity and an associated decrease in ␤-adrenergic receptor (AR)-mediated dilation. In addition, increased levels of G protein-coupled receptor (GPCR) kinases (GRKs), which regulate GPCR signaling, are associated with increased blood pressure (BP). Methods and Results-We generated transgenic mice with Ϸ2-fold vascular smooth muscle (VSM)-specific overexpression of GRK5 to recapitulate a selective aspect of hypertension and understand the impact on GPCR regulation of BP. VSM-GRK5 mice were hypertensive, with a 25% to 35% increase in BP, whereas there was no concomitant cardiac or VSM hypertrophy. BP elevations were segregated with sex, with male mice having higher levels than female mice, and ovariectomy did not alter this phenotype. BP was restored to control values with pertussis toxin G i -signaling inhibition or chronic ␤ 1 AR inhibition after 7 days of CGP20712A, whereas the ␤ 2 AR antagonist ICI 118,551 was ineffective. ␣ 1 AR response was not altered, nor was ␤AR-mediated dilation in male blood vessels, whereas norepinephrine sensitivity was increased. In contrast, female VSM-GRK5 blood vessels have diminished ␤AR-mediated dilation and enhanced sensitivity to angiotensin II (Ang II). Conclusions-Our data suggest that in both male and female mice, VSM-specific overexpression of GRK5 elevates BP mediated by G i and, at least in part, by ␤ 1 AR in males and Ang II receptors in females. Understanding mechanisms underlying an increase in VSM-GRK5 may have a profound influence on the use and development of antihypertensive therapeutics. (Circulation. 2005;112:1145-1153.) 
T he contraction state of blood vessels is a main determinant of blood pressure (BP) and is under tight regulatory control. A major component in the maintenance of contraction state is G protein-coupled receptors (GPCRs) present on the vascular smooth muscle (VSM). For example, impairment in ␤-adrenergic receptor (AR)-G s heterotrimeric signaling has been documented in patients with hypertension, and studies from animal models provide further support for the critical role of ␤ARs in hypertension. [1] [2] [3] [4] [5] Other GPCRs, such as angiotensin II (Ang II) receptors, are also essential to BP regulation. 6 Ang II receptors couple to both G q and G i , and activation of both these heterotrimeric G proteins mediates vasoconstriction. Gene targeting deletion of the Ang II AT 1A receptor in mice results in a decrease in resting BP, and Ang II receptor antagonists are effective antihypertensive therapies. 6 Therefore, regulation of GPCR signaling is important to BP control.
The predominant regulation of GPCRs occurs with the targeted phosphorylation of activated receptors, leading to G protein uncoupling, a process called desensitization. This process is initiated by phosphorylation of the agonistoccupied receptor by GPCR kinases (GRKs), a 7-member family (GRKs 1-7) of serine/threonine kinases. 7, 8 Studies in both humans and animal models of hypertension suggest that elevated GRK levels during high BP may somehow be involved in the regulation of VSM GPCRs. Two GRKs, GRK2 and GRK5, have been specifically addressed in studies of hypertension, and our previous data in VSM GRK2 transgenic mice 9 suggest that VSM-targeted GRK2 overexpression is sufficient to increase BP. In addition, increased GRK2 protein expression has been correlated with increased BP in lymphocytes and VSM in rat models of hypertension as well as in lymphocytes of hypertensive patients. [10] [11] [12] levels are increased in VSM during both Ang II and norepinephrine (NE)-induced hypertension. 13 This augmented GRK5 level was attenuated by concurrent hydralazine administration, which relaxes VSM in a non-GPCR manner by inhibiting accumulation of intracellular free Ca 2ϩ , suggesting that hemodynamic stress itself was responsible for the VSMspecific GRK5 increase. 13 We were interested in determining the involvement of GRK5-mediated phosphorylation of VSM GPCR signaling and its contribution to hypertension. Our present data indicate that elevated levels of VSM GRK5 significantly increase resting BP, which is segregated by sex and not associated with a concomitant increase in cardiac or VSM hypertrophy. The VSM-GRK5-induced hypertension appears to be mediated primarily by ␤ 1 AR-G i in males and enhanced Ang II receptor sensitivity in females.
Methods

Generation of Transgenic Mice
The full coding region of the bovine GRK5 was fused to a portion of the SM22␣ promoter (Ϫ440 to ϩ41, relative to transcription start) that has been shown to direct VSM-specific transgene expression. 9, 14 The construct also included an SV40 polyadenylation sequence for genome integration and mRNA expression determination. Three lines of GRK5 transgenic mice were generated by the Duke Transgenic Core Facility (Duke University, Durham NC) in a C57Bl/6 background. All mice were studied between the ages of 2 to 6 months of age and compared with their non-transgenic littermate controls (NLC).
Semiquantitative Real-Time Reverse Transcription PCR
Total RNA was extracted from the VSM layer of the aorta, from which endothelial cells were mechanically scraped, and adventitia was enzymatically removed. RNA was extracted from the VSM layer or isolated cardiac myocytes, converted to cDNA, and used as the template in a polymerase chain reaction (PCR) reaction that included the fluorophor SYBR Green. Increased fluorescence was detected by use of a real-time PCR machine (BioRad iCycler). PCR primers for GRK5 were designed to span introns that characterize its genomic DNA, thereby preventing genomic DNA contamination of the RNA and subsequent reverse transcription PCR (forward, 5Ј-GAAGGTTAAGCGGGAAGAGG-3Ј; reverse, 5Ј-TCCAGGCGC-TTAAAGTTCAT-3Ј). A standard curve detected known amounts of GRK5 DNA ranging from 10 pg to 1 g. GRK2 mRNA was determined (forward, 5Ј-CCCTCTCACCATCTCTGAGC-3Ј; reverse, 5Ј-CGGTTGGGGAACAAGTAGAA-3Ј). GRK3 mRNA was also detected (forward, 5Ј-GATATCGGCTCCTTCGATGA-3Ј; reverse, 5Ј-CAGTCCTTCCCCATAGCGTA-3Ј). Levels of ␤ 1 AR (forward, 5Ј-TCGCTACCAGAGTTTGCTGA-3Ј; reverse, 5Ј-GGCACGTAGAAGGAGACGAC-3Ј) and ␤ 2 AR (forward, 5Ј-ACC-AAGAATAAGGCCCGAGT-3Ј; reverse, 5Ј-AGGGGCACG-TAGAAAGACAC-3Ј) mRNA was determined by use of mouse specific primers and normalized to 18S (forward, 5Ј-TCAAGAACGAAAGTCGGAGG-3Ј; reverse, 5Ј-GGACATCTAAG-GGCATCAC-3Ј).
Primary VSM Cell Isolation
VSM cells (VSMCs) were isolated from pooled samples of NLC or GRK5 thoracic aorta, plated, and cultured (less than passage 8) as described previously. 9, 14 
Immunohistochemistry and Immunoblotting
Carotid arteries were isolated from NLC or GRK5 mice and embedded in paraffin, and 8-m sections were taken. Immunoblotting and immunohistochemistry for GRK5 and GRK2 were per-formed as described previously using primary antibodies from Santa Cruz Technologies. 9
Blood Pressure
Conscious BP was measured 24 hours after carotid artery catheter insertion as described previously. 9 Additional BP measurements were determined on anesthetized mice, and it was found that if anesthetized heart rates (HRs) were Ͼ200 bpm, conscious and anesthetized BP were similar (data not shown).
Plasma Catecholamine Levels
Plasma catecholamine levels were determined by AniLytics (Gaithersburg, Md) as described previously. 14
Ovariectomy
Female mice age 12 to 16 weeks were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg); a small lower abdominal incision was made, and the ovaries were exteriorized under a microscope and carefully maintained. Vessels attached to the ovaries were isolated and permanently tied twice with several millimeters between the ties with 6-0 silk suture. The vessels were cut between the 2 ties, the ovaries removed, and the abdomen closed. Shamoperated animals received the same treatment except that their ovaries were not removed. Three weeks later, animals were anesthetized as above, BP was determined, and thoracic and abdominal aorta sections were isolated for vascular reactivity studies.
Vascular Reactivity
The response of 2.5-mm aortic rings after mechanical endothelial cell denudation was determined as described previously. 9, 14 Chronic Inhibition of G i -Mediated Signaling and ␤ 1 AR or ␤ 2 ARs Pertussis toxin (PTx) was given as 1 intraperitoneal injection at a concentration of 15 g/kg to inhibit G i -mediated signaling. ␤ 1 ARs were inhibited chronically for 7 days by use of miniosmotic pumps (Alzet) implanted subcutaneously and subscapularly using the antagonist CGP20712A (Sigma) at a concentration of 1.2 mg · kg Ϫ1 · d Ϫ1 . ␤ 2 ARs were inhibited by use of miniosmotic pumps filled with 0.2 mg · kg Ϫ1 · d Ϫ1 of the selective ␤ 2 AR antagonist ICI 118,551 (Sigma).
Hypertensive Mice Generated by Miniosmotic Pumping With Ang II
Miniosmotic Alzet pumps releasing 0.7 mg · kg Ϫ1 · d Ϫ1 Ang II were implanted subcutaneously, subscapularly, for 7 days as described previously. 14 
Adenylate Cyclase Activity
Statistical Analysis
All data are presented as meanϮSEM. For simple comparisons between 2 groups, an unpaired, 2-tailed Student t test was used. One-way ANOVA with post hoc Bonferroni multiple comparisons was used to compare multiple groups. Two-way ANOVA was used when a dose-response was analyzed.
Results
Transgene Expression in VSM-GRK5 Mice
To understand how elevations in VSM GRK5, as seen in hypertension, 13 impact GPCR signaling, we generated 3 lines of transgenic mice using a portion of the SM22␣ promoter that has previously been shown to direct expression specifically in VSM 9,15-19 to overexpress GRK5. Thoracic aortas were isolated from NLC and GRK5-overexpressing mice. By use of real-time PCR analysis, we determined a 2-fold overexpression of GRK5 mRNA compared with endogenous levels ( Figure 1A ). Results were verified in all 3 lines of VSM-GRK5 mice, and overexpression levels were similar between the 3 different lines (data not shown) and comparable to levels we have seen for other genes we have previously expressed using this portion of the SM22␣ promoter. 9, 14 Furthermore, as confirmation of previously published studies, 13 we used miniosmotic pumps to administer 0.7 mg · kg Ϫ1 · d Ϫ1 Ang II to NLC mice for 7 days and determined GRK5 levels in the VSM of the thoracic aorta. Similar to the overexpression levels in our transgenic mice, there was a 2-fold increase in GRK5 mRNA after chronic Ang II treatment ( Figure 1A ). To ensure promoter specificity, we also isolated adult cardiac myocytes and determined GRK5 expression. As expected, there was no change in cardiac myocyte GRK5 levels between the NLC and VSM-GRK5 mice ( Figure 1A ). Importantly, there were no differences in either GRK2 or GRK3 mRNA levels as determined by use of real-time PCR between NLC and VSM-GRK5 mice (data not shown). In addition, GRK2 protein levels were similar between NLC and VSM-GRK5 mice.
We verified in vivo protein expression using immunohistochemistry of thoracic aorta from NLC and GRK5 mice. A low endogenous level of GRK5 expression was detected. The VSM-GRK5 mice had a more prominent signal, illustrating effective transgenic expression of the GRK5 protein ( Figure 1B ).
VSMCs were enzymatically isolated and cultured from thoracic aorta. Immunoblots were performed to confirm transgene overexpression. Similar to mRNA data, GRK5 overexpression was verified in the VSMCs isolated from the transgenic compared with the control mice ( Figure 1C ).
VSM-GRK5 Overexpression Induces High BP That Is Greater in Male Mice
Conscious BP was determined in freely moving mice by use of an indwelling fluid-filled carotid artery catheter. Mean arterial pressure was increased in all 3 lines of VSM-GRK5 transgenic mice ( Figure 2A ). Interestingly, although there was no difference in BP between control male (93Ϯ1, nϭ4) and female (95Ϯ3, nϭ6) mice, BP was increased in female VSM-GRK5 mice compared with control (112Ϯ3, nϭ3) and increased to an even greater extent in male VSM-GRK5 mice (138Ϯ2, nϭ4) compared with control and female VSM-GRK5 mice ( Figure 2B ). Importantly, the increase in VSM-GRK5-induced BP was not accompanied by a change in plasma catecholamines ( Figure 2C ). In addition, there were no differences in HR between NLCs and VSM-GRK5 mice for either males or females (HR in male NLC, 547Ϯ31 bpm; female NLC, 575Ϯ35 bpm; VSM GRK5 male mice, 545Ϯ15 bpm; female VSM GRK5, 568Ϯ10 bpm). Furthermore, there was no change in heart size, as measured by wet heartweight-to-body-weight ratio, concomitant with this increase in afterload (NLC: male, 4.48Ϯ0.09, nϭ5; female, 4.57Ϯ0.09, nϭ10; GRK5: male, 4.59Ϯ0.06, nϭ8; female, 4.63Ϯ0.07, nϭ9). Furthermore, we examined the thickness and area of the VSM layer in NLC and VSM-GRK5 common carotid arteries after perfusion fixing, and there was no change in hypertrophic status of the VSM layer in the blood vessel wall (NLC: 27.0Ϯ2.7 m, nϭ9; VSM-GRK5: 26.0Ϯ1.9 m, nϭ10).
BP Increase Is Mediated by G i -Coupled GPCRs
To test the involvement of G i -mediated signaling, such as may be mediated through Ang II receptors as well as numerous other receptors, including the ␤ARs, 20,21 we used a single dose of PTx, known to inhibit G i -mediated signaling 22 and shown previously to inhibit high BP in other animal models of hypertension. 23 After PTx treatment and subsequent G i inhibition, BP was restored to control values in VSM-GRK5 mice, whereas it was unaffected in NLC mice ( Figure 3A ). The ability of PTx to inhibit BP was similar in both male and female mice (data not shown).
Inhibition of ␤ 1 AR but Not ␤ 2 AR Is Sufficient to Decrease BP in VSM-GRK5 Mice
␤AR inhibition is a successful antihypertensive therapeutic strategy in many hypertensive patients. 24 To understand how ␤AR inhibition would affect hypertension in VSM-GRK5 mice, we used miniosmotic pumps to chronically administer the ␤ 1 AR antagonist CGP20712A or the ␤ 2 AR antagonist ICI 118,551 for 7 days. BP was decreased after treatment with CGP20712A but not ICI 118,551 ( Figure 3B ). Importantly, before ␤AR antagonist treatment, there were no differences in HR (see above), and not unexpectedly, because there were no basal increases in HR with VSM-GRK5 overexpression, ␤AR blockade did not alter this.
␤AR-Mediated Vasodilation in Aorta of Male GRK5 Transgenic Mice
Impairment in ␤AR signaling has been documented in patients with hypertension, 25 and there is a downregulation of the aorta ␤AR-adenylate cyclase system in spontaneously hypertensive and Dahl salt-sensitive hypertensive rats. 4 In addition, we have also generated another line of transgenic mice with VSM-GRK2 overexpression, and these mice are hypertensive because of abnormal (uncoupled) ␤AR signaling leading to loss of dilatory control. 9 Therefore, we examined the relaxation in response to ␤AR stimulation in male thoracic and abdominal aorta, which is a typical physiological response caused by ␤AR-G s activation (Figure 4 ). Preconstriction was established by phenylephrine (PE), an ␣ 1 AR agonist. Responses to PE at the doses used were not different between male and female mice or between NLC and GRK5 transgenic mice (data not shown). Dilation in response to increasing doses of isoproterenol (ISO), a ␤AR agonist, were similar in male NLC and GRK5 thoracic and abdominal aorta ( Figure 4, A and B ). In addition, after pretreatment of the vessels with 2ϫ10 Ϫ7 mol/L ICI 118,551, a specific ␤ 2 AR antagonist, there was a similar degree of inhibition of relaxation in the male thoracic aorta ( Figure 4C ).
KCl-Induced K ؉ Channel Inhibition Uncovers Greater ISO-Induced Constriction in Male VSM-GRK5 Mice
We did not detect a difference in ISO-mediated dilation in male thoracic or abdominal aorta (Figure 4) . In contrast, when we examined the ISO response in thoracic aorta in the presence of preconstriction mediated by 60 mmol/L KCl, ISO induced a dose-dependent constriction ( Figure 4D ). In contrast to the predicted ␤AR-mediated dilation, ISO-induced constriction and tension was significantly greater in VSM-GRK5 vessels than NLC vessels ( Figure 4D ), such that there was a significant decrease in the K d for ISO-induced constriction after K ϩ channel inhibition in VSM-GRK5 mice (NLC: 4.8Ϯ0.8ϫ10 Ϫ6 mol/L, nϭ5; VSM-GRK5: 1.3Ϯ0.2ϫ10 Ϫ6 mol/L, nϭ5, Pϭ0.01). Thus, in the presence of K ϩ channel inhibition mediated by KCl, ISO induces a greater constriction in male VSM-GRK5 vessels, perhaps through enhanced coupling to or activation of L-type Ca 2ϩ channels. Importantly, as described above, response to PE was not different between NLC and VSM-GRK5 mice, and therefore, it is unlikely that nonspecific effects of ISO binding to ␣ 1 ARs at the higher concentrations is conferring this enhanced sensitivity in the VSM-GRK5 blood vessels. 
NE-Mediated Vasoconstriction Is Enhanced in Male VSM-GRK5 Mice
Rats made hypertensive by use of a Goldblatt 2-kidney/1-clip model have increased VSM sensitivity to NE stimulation 26 and decreased ␤AR responsiveness. 27 NE stimulates ␣ARs as well as ␤ 1 ARs, and we know from the isolated ring data that the PE response is similar in male and female NLC and GRK5 thoracic and abdominal aorta. Furthermore, ␤ARmediated dilation in males is not altered with GRK5 overexpression (Figure 4 , A-C). Constriction in response to increasing doses of NE was similar in NLC and female VSM-GRK5 thoracic aorta ( Figure 4E ). In contrast, there was a significant increase in the tension generated by male VSM-GRK5 compared with both NLC and female VSM-GRK5 thoracic aorta ( Figure 4E ). These data further support in vivo data ( Figure 3B ) that ␤ 1 AR inhibition decreased GRK5-induced hypertension and suggest that ␤ 1 AR stimulation is mediating constriction rather than dilation.
cAMP Accumulation Is Diminished in Male VSM GRK5 VSMCs After ␤AR Stimulation
To examine the classic coupling of the ␤AR to G s , we determined cAMP accumulation. We measured cAMP accumulation in cultured, low-passage male NLC and GRK5 thoracic aorta VSMCs ( Figure 5 ). cAMP accumulation in response to 10 Ϫ7 mol/L ISO was diminished in male VSM-GRK5 cells compared with NLC, suggesting that cAMP is a more sensitive assay than isolated ring baths to detect subtle signaling alterations. After treatment of the cells with 10 Ϫ7 mol/L ICI 118,551, all cAMP accumulation in response to ISO was abrogated in both NLC and VSM-GRK5 cells ( Figure 5C ); therefore, the majority of ␤AR-G s activation is mediated via the ␤ 2 AR.
To determine whether ␤AR expression is altered in the male mice, we used real-time PCR to measure mRNA expression. For both NLC and VSM-GRK5 mice, ␤ 2 AR was in greater abundance than ␤ 1 AR mRNA (Table) . Although VSM-GRK5 expression did not alter ␤ 1 AR expression, there was an almost 50% reduction in ␤ 2 AR mRNA, changing the ratio of ␤ 2 AR to ␤ 1 AR mRNA from approximately 340-fold to 6-fold.
␤AR-Mediated Vasodilation in Aorta of Female GRK5 Transgenic Mice
We also examined the ␤AR-mediated dilation in thoracic and abdominal aorta isolated from female control and transgenic mice. Dilation was attenuated in the VSM-GRK5 thoracic aorta compared with NLC ( Figure 6A) . Interestingly, and in contrast to the male abdominal aorta, the female NLC abdominal aorta did not respond to ISO ( Figure 6B ). In addition, the GRK5 abdominal aorta tended to constrict in response to ISO ( Figure 6B ). After treatment with 2ϫ10 Ϫ7 Figure 4 . In male mice, ␤AR-mediated dilation in VSM-GRK5 mice is similar to NLC aorta, but ␤AR constriction is enhanced after K ϩ channel inhibition or NE stimulation. A, Pre-tension was established by 3ϫ10 Ϫ7 mol/L PE in isolated thoracic aorta segments, and response to increasing doses of ISO were determined. Endothelial cells were mechanically removed before study. NLC, nϭ5; GRK5, nϭ5. B, Vasodilation in response to ISO in abdominal aorta ring segments after pre-tension established by 3ϫ10 Ϫ6 mol/L PE. NLC, nϭ5; GRK5, nϭ5. C, Relaxation, as a percentage of maximum, in thoracic aorta preconstricted with 3ϫ10 Ϫ7 mol/L PE. D, Pre-tension was established in thoracic aorta by 60 mmol/L KCl, and cumulative ISO dose-response was determined. NLC, nϭ5; GRK5, nϭ5. E, Response to NE in thoracic aorta segments. NLC, nϭ5; female GRK5, nϭ3; male GRK5, nϭ3. PϽ0.05 vs NLC 2-way ANOVA with respect to both dose and transgene. mol/L ICI 118,551, similar to what we observed in the male thoracic aorta, there was an almost 10-fold shift in the K d for maximum relaxation in response to ISO (NLC: 3.7Ϯ0.5ϫ10 Ϫ7 mol/L, nϭ5; NLCϩICI: 3.9Ϯ2.1ϫ10 Ϫ6 mol/L, nϭ4). After pretreatment with ICI 118,551, relaxation is mediated primarily by the ␤ 1 AR. The contribution to relaxation mediated by the ␤ 1 ARs is more significant in the VSM-GRK5 thoracic aorta, and the NLC thoracic aorta maintains more of an ability to relax in the presence of ␤ 2 AR inhibition compared with the VSM-GRK5 thoracic aorta ( Figure 6C ).
Ang II-Stimulated Constriction Is Increased in Female but Not Male VSM-GRK5 Mice
We examined constriction in response to Ang II in abdominal aorta, because we were unable to detect any appreciable response in thoracic aorta, as has been described previously 28, 29 (Figure 7) . Constriction mediated by Ang II receptors in male NLC and VSM-GRK5 mice was similar ( Figure 7A ). Ang II is coupled to both G q and G i . Our data show that in general, G i signaling is important in conferring hypertension in the VSM GRK5 mice (Figure 3 ). G i but not G q directly stimulates c-Src, 30 and it has been established in other animal models that c-Src is an important signaling molecule downstream of Ang II in VSM 31 by directly inhibiting iberiotoxinsensitive Ca 2ϩ -sensitive K ϩ channels 32 and increasing intracellular Ca 2ϩ . 33 To determine whether signaling molecules downstream of Ang II-G i activation were altered in either male or female mice with VSM-GRK5 overexpression, we tested the involvement of c-Src using PP2, a pharmacological inhibitor. Pretreatment with 10 Ϫ6 mol/L PP2 significantly blunted constriction in male abdominal aorta, and overexpression of GRK5 had no effect ( Figure 7A , 2-way ANOVA, PϽ0.001). In contrast to the Ang II response in VSM GRK5 male mice, constriction mediated by Ang II in female abdominal aorta was significantly increased in VSM-GRK5 mice (Figure 7B ), although c-Src inhibition also attenuated Ang II-induced constriction in female abdominal aorta to a similar extent in NLC and VSM-GRK5 vessels ( Figure 7B ). Therefore, vasoconstriction in response to Ang II is dependent primarily on G i -c-Src and is enhanced in female VSM-GRK5 mice.
Ovariectomy Was Not Sufficient to Change BP or Vascular Reactivity
We removed the ovaries from female mice and allowed them to recover for 3 weeks. Subsequently, we determined BP and found that although sham-treated VSM-GRK5 mice had elevated BP (121Ϯ4 mm Hg, nϭ9) compared with sham NLC (100Ϯ6 mm Hg, nϭ9), ovariectomy (OVx)-treated NLC mice had normal BP (100Ϯ7 mm Hg, nϭ6), and OVx-treated VSM-GRK5 mice had a BP (115Ϯ7 mm Hg, nϭ5) similar to that of sham-treated VSM-GRK5 mice. Therefore, OVx was not sufficient to result in a female mouse now having a similar phenotype to male mice. In addition, vascular responses to NE, ISO, and Ang II in isolated aortic segments were not different in OVx mice compared with sham-treated mice (data not shown).
Discussion
In the present study, we confirm that VSM-GRK5 overexpression induces high BP that is greater in male than female mice without concomitant cardiac or VSM hypertrophy (Figure 8 ). In both male and female VSM-GRK5 mice, G i signaling is critical to the development of hypertension. In males, the increased BP is also mediated by a ␤ 1 AR mechanism. ␤AR antagonists are widely used as an antihypertensive therapeutic strategy. Importantly, these data may provide evidence to suggest that the success of ␤-blockers in the treatment of hypertension may not be solely a result of actions on the heart. Our data suggest that direct VSM ␤ 1 AR signaling inhibition, in high-BP models with elevated GRK5 expression and activity, is also partially responsible for attenuation of high BP. Importantly, there were no differences in HR between our transgenic VSM-GRK5 mice and control mice, suggesting that the decrease in BP seen in the transgenic mice was not because of differential effects on HR.
In female mice, VSM-GRK5 overexpression enhances Ang II signaling. Ang II receptor blockers and ACE inhibitors are also key antihypertensive therapies, although their effectiveness is limited in some patients, especially when administered as a monotherapy. These data illustrate that changes in expression of GRKs, as are seen in hypertension, can have profound consequences on the signaling pathways used by . An increase in VSM GRK5 via transgenesis or hypertension (human patients) leads to an increase in BP that is segregated with sex. There is a greater increase in male BP with VSM GRK5 overexpression, which may be mediated through a G protein switch such that ␤AR stimulates vasoconstriction rather than dilation. Although increased to a lesser extent, increased BP in female mice because of VSM GRK5 overexpression is probably a result of an increase in Ang II receptor sensitivity.
VSM GPCRs. In addition, it suggests that understanding the levels of such molecules as GRK5 in hypertensive patients may provide insight into more effective therapeutic antihypertensive strategies. Furthermore, it reiterates the importance of understanding data in the context of sex, especially in transgenic mice, in which there is often a tendency to study both sexes grouped together. It is interesting and unexpected that there is a sex difference between the GPCR signaling in response to GRK5 overexpression. Whether this is because of the presence of estrogen or lack of testosterone is unknown, but the effects are clearly seen at the individual GPCR level (␤ARs, Figures 4 and 5 ; Ang II, Figure  7 ). Nebivolol is a highly selective ␤ 1 AR antagonist with vasodilating characteristics attributed partially to its interaction with the estrogen receptor and the subsequent generation of nitric oxide. 34 Therefore, it is possible that there is direct interaction between the estrogen receptor and ␤ 1 AR. Furthermore, it has been described that estradiol treatment in OVx rats was sufficient to increase AT 1 and AT 2 receptors in the kidney. 35 In our mice, OVx was not sufficient to result in a "male" phenotype in "female" mice. This might be because we removed the ovaries of fully mature female mice. Other studies have documented decreases in L-type Ca 2ϩ channels and ␤ 1 AR in the heart with castration 36 and an increase in ␤ 1 AR with OVx. 36 It has also been documented that there is a greater abundance of L-type Ca 2ϩ channels, ryanodine receptors, and sodium-Ca 2ϩ exchange protein in female versus male rats. 37, 38 Further study is needed examining the role of estrogen and testosterone and other signaling proteins associated with vasoconstriction during development to fully understand the mechanisms underlying the sex differences in our VSM-GRK5 mice. Data derived from these studies could lend further insight into the sex differences in human cardiovascular disease.
It is well appreciated that although structurally similar, ␤ 1 -and ␤ 2 ARs play very distinct roles in cardiac myocytes. 39 The PDZ motif on ␤ 1 AR is needed to restrict coupling of this receptor to G s , whereas mutation of this motif or inhibition of the interaction between the ␤ 1 AR and the PDZ-domain protein permits the receptor to couple to both G s and G i in vitro. 40 It has been suggested that elevated levels of GRK5 disrupt binding of PSD-95, a PDZ-binding domain protein, to the C-terminal portion of ␤ 1 AR. 41 Therefore, it is reasonable to propose that elevated VSM-GRK5 downregulates ␤ 2 AR, decreasing dilation mediated via this receptor, and at the same time, permits ␤ 1 AR to couple to G i via disruption of the PSD-95 binding, thereby mediating vasoconstriction. Importantly, we demonstrate that inhibition of ␤ 1 AR signaling was sufficient to decrease elevated BP in the VSM-GRK5-overexpressing mice, suggesting that ␤ 1 AR plays a role in the hypertension. Whether GRK5 also facilitates the ability of the Ang II receptor to bind to G i versus G q or other G proteins remains to be determined.
Our previous study with GRK2 overexpression in VSM 9 also resulted in a hypertensive phenotype. However, these models have very distinct properties, probably as a result of in vivo receptor selectivity of both GRK2 and GRK5. Sex differences were not apparent in the GRK2 model. Hypertension in the GRK2 model was associated with concomitant cardiac and VSM hypertrophy, whereas GRK5 overexpression was not. Hypertension in the GRK2 model appears to be more a result of decreased G s -mediated dilation and increased G q signaling, whereas GRK5 overexpression is reliant primarily on G i . Interestingly, in human and animal models of hypertension, different models have one or the other GRK elevated. 10 -13 In addition, GRK5 but not GRK2 contains a DNA-binding nuclear localization sequence and may play a signaling role in the nucleus, 42 although the importance of this in the development of VSM-GRK5 hypertension remains to be investigated. This suggests that both of these models provide us with powerful tools to help dissect important GPCR signaling pathways in hypertension with different pathogeneses. In addition, it suggests that GRKs may be useful as an indicator of action for the most appropriate efficacious therapeutic antihypertensive strategy.
VSM overexpression of GRK5 is sufficient to increase resting BP via a G i -dependent mechanism without concomitant hypertrophy. Elevated levels of GRK5 have been associated with different animal models of hypertension, 13 and the mice described here provide us with a powerful tool to help dissect the important signaling pathways that are perturbed during increases in GRK5 expression in both males and females. In addition, studies involving the VSM GRK5 mice may help us to develop novel therapeutic strategies and/or biomarkers to combat hypertension.
